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In the course of studying the two-superconductor tunneling
characteristics of sandwiches of Nb-Nb Oxide-In we have observed not
only the dc Josephson effect'*' (a zero-voltage tunpeling supercurrent),
but also, at finite voltages, dc current peaks of comparable magnitude.
A similar effect has been seen in junctions exhibiting dc zero-voltage
currents apparently due to low critical current superconducting shorts.
The tunneling sandwiches were made on commercial Nb foil 0,010"
2thick, which had been thoroughly outgassed at high vacuum. An oxide
layer estimated to be 15-25 A° thick was thermally grown on the Nb, onto
which was evaporated a 1500 A° thick film of pure In. The resulting tun-
2neling region was a square 1-2 mm in area. The tunneling measurements 
were made by immersing the sandwich directly into the liquid He. The 
measuring circuit is shown in Fig, 1. With part of the circuit in liquid 
helium as shown, it has been possible to lower resistances R^ and R^ to
-3
produce a load line as low as 5 x 10 ohms. We could thus completely
resolve peaks whose negative dynamic resistance, was as low as 5 x 10
ohms. It is interesting to note that with circuitry normally used in
superconducting tunneling measurements, much of the structure reported
here would have been missed.
•k
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2The earth's magnetic field was nulled to less than 3 x 10 
gauss with Helmholtz coils and ac fields were shielded from the junction 
with a high conductivity cylinder also immersed in the liquid He. The 
current and voltage signals were amplified with a pair of Keithley milli- 
microvoltmeters and applied to a Moseley X-Y recorder. To eliminate the 
possibility of instrumental effects, one I-V curve was checked using 
a potentiometer.
Examples of the recorded data, (tunneling current vs. voltage), 
was shown in Figs. 2 and 3. The curves .chosen for the figures were 
recorded with the sample at low temperatures where the structure was well 
developed. The effect of magnetic field on the I-1|t-characteristic of 
junction No. 21 is indicated in Fig. 2. Similar magnetic field behavior 
was observed for other samples with the exception of No. 24B which had 
no magnetic field dependence up to 50 gauss. Because of the lack of 
magnetic field dependence the zero-voltage current in this junction was 
attributed to a superconducting short of low critical current. Further 
evidence for such a shbrt were (a) that the magnitude of the zefo-voltage 
current exceeded the theoretical limit of the dc Josephson effect and 
(b) that the tunneling characteristic appeared to be superimposed upon 
a parallel conductance which was large compared to the normal tunneling.^ 
Fig. 3 shows curves for five different junctions all taken at approxi­
mately 1.15° K and in small magnetic fields chosen best to display the 
structure.
From the results on seven junctions which exhibited dc current 
peaks at voltages other than zero and for several others that did not, 
it is possible to make a number of tentative observations:
31. * The phenomenon may occur in structures which exhibit dc 
Josephson tunneling and also in structures with low critical current 
superconducting shorts. In junctions exhibiting the dc Josephson effect, 
the anomalous current peaks Seem to be favored by a large tunneling cur­
rent and by a well developed dc Josephson current. However, in some 
cases, samples possessing both properties have failed to exhibit structure
2. There appears to be a tendency for the current peaks to 
occur periodically in voltage. Several junctions exhibited a series of 
peaks spaced at approximately 8 to 10 microvolts. This is best exem­
plified by junction No. 21, shown in Fig. 2, with peaks occurring at 10.8, 
21.2, 32.1 microvolts (marked with circles), within 1% of exact multiples 
of 10.7, and two more at 44 and 56 microvolts, possibly-of the same sériés 
Other peaks for this junction at 20 and 40 microvolts (triangles) perhaps 
represent a weaker series. In specimen No. 24B a dominant series of 
three or perhaps four peaks on each side of the zero-voltage peak occur­
red at multiples of 41.7 microvolts. In this junction, and to a lesser 
extent in others tested, there was additional structure that could not 
easily be classified. The structure shows qualitative similarity but
was not quantitatively reproducible from sample to sample. In general, 
the structure is antisymmetric about the origin in detail and is repro­
ducible on variation of most parameters. However, the structure is oc­
casionally not reproducible to cycling the magnetic field because of flux 
^rapping, but it can be restored by warming above the transition temp­
erature of Nb.
3. The amplitude of the current peaks generally increases with 
decreasing temperature. As the temperature is lowered, additional peaks
4appear so that the structure is most fully developed at the lowest tem­
peratures. The position of the current peaks on the voltage axis is 
mildly temperature dependent, tending to higher voltages at low tempera­
tures. There appears to be a uniform expansion of the structure on the 
voltage axis of about 20% from the highest temperatures (0.1 to 0.2 deg. 
below the transition temperature indium) to the lowest, most of the 
change occurring at the high temperature end of this range.
4. In junctions where anomalous current peaks accompanied a 
dc Josephson effect all the current peaks were sensitive to a magnetic 
field parallel to the junction surfaces. Variation in amplitude appears 
to be periodic with magnetic field and of approximately the period of 
the Josephson effect, but the variations of the individual peaks are not 
necessarily in phase with the Josephson effect or with each other. Where 
the structure accompanied a superconducting short it was completely in­
dependent of magnetic field up to 50 gauss, the highest fields used. 
Whether or not the amplitudes of the peaks were magnetic field dependent, 
their spacing on the voltage axis was completely independent of magnetic 
field up to 50 gauss.
5. In one instance the resonance described by Eck, Scalapino 
and Taylor”* was observed with the anomalous current peaks of the present 
study superimposed. The two effects were easily distinguishable by ob­
serving that an increasing magnetic field shifted the resonance peak to 
higher voltages but left the anomalous structure unshifted in voltage.
In attempting to find an explanation for this phenomenon it 
is perhaps useful to think of the Josephson tunneling in terms of photon
5processes, following Josephson. In the absence of a voltage across the
tunneling barrier between two superconductors, tunneling can take place
with energy conservation without the emission of a photon. The magnitude
of the pair tunneling current can be calculated for this case and related
to the normal state tunneling and the tunneling of quasi-particles be-
3tween superconductors.
If, on the other hand, a voltage, AV, exists across the barrier 
energy cannot be conserved in the pair-tunneling process without the emis 
sion of a photon. In the absence of an absorption mechanism for the pho­
ton, the pair-tunneling is a virtual process and is accompanied by ac 
currents of frequency V - 2e(AV)/h as described by Josephson.^ This is 
frequently referred to as the ac Josephson effect. Consequently at a 
finite voltage the pair-tunneling current is related to the probability 
of emitting a photon of energy 2e(AV) in addition to the factors which 
determine the zero voltage tunneling.
An anomalous tunneling current at any voltage, (i.e., one in 
excess of that expected due to the tunneling of quasi-particles) repre­
sents an absorption of radiation of frequency V = 2e(Av)/h. The current 
profile as shown in Ffgs. 2 and 3 is, then, representative of the spec­
trum of microwave absorption in the vicinity of the tunneling junction.
Mechanisms for the absorption of the radiation accompanying 
tunneling at finite voltages have been predicted and/or observed. In 
one case absorption was through interaction with an externally applied 
microwave fielcM 'and in another through interaction with an electromag­
netic mode of the junction itself.'* While this effect is apparently 
another manifestation of the ac Josephson effect, the specific mechanism 
of absorption is not yet clear.
6B. D. Josephson, Phys. Letters J., 251 (1962) and Revs. Modem Phvs 
36, 216 (1964).
P. Townsend and J. Sutton, Phys. Rev. _128, 591 (1962).
V. Ambegaokar and A. Baratoff, Phys. Rev. Letters 10, 486 (1963) 
and JJL, 104 (1963) (erratum).
P. W. Anderson and J. M. Rowell, Phys. Rev. Letters H), 230 (1963)
R. E. Eck, D. J. Scalapino, and B. N. Taylor, Phys. Rev. Letters 
13, 15 (1964).
S. Shapiro, Phys. Rev. Letters JJ., 80 (1963).
7Fig, 1. Circuit used in measuring the current-voltage characteristics 
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Fig. 2. I-V characteristic in the vicinity of zero-voltage for junction 
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Fig. 3. I-V characteristics of five different junctions under similar 
conditions of temperature and magnetic field. The current 
scale is not the same for all junctions.
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